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Polymyxins are antibiotics used in the last line of defense to combat multidrug-resistant infections by Gram-negative bacteria. Polymyxin resistance arises through charge modification of the bacterial outer membrane with the attachment of the cationic sugar 4-amino-4-deoxy-L-arabinose to lipid A, a reaction catalyzed by the integral membrane lipid-to-lipid glycosyltransferase 4-amino-4-deoxy-L-arabinose transferase (ArnT). Here, we report crystal structures of ArnT from Cupriavidus metallidurans, alone and in complex with the lipid carrier undecaprenyl phosphate, at 2.8 and 3.2 angstrom resolution, respectively. The structures show cavities for both lipidic substrates, which converge at the active site. A structural rearrangement occurs on undecaprenyl phosphate binding, which stabilizes the active site and likely allows lipid A binding. Functional mutagenesis experiments based on these structures suggest a mechanistic model for ArnT family enzymes.
P
olymyxins are last-resort antibiotics used to combat multidrug-resistant infections by Gram-negative bacteria (1, 2) . They are thought to act by permeabilizing the membranes of Gram-negative bacteria, after binding to the lipopolysaccharide (LPS) of the outer membrane (1, 2) . This association with the outer membrane is primarily achieved through electrostatic interactions between amino groups of polymyxins and negatively charged moieties of the backbone glucosamine and 3-deoxy-D-mannooct-2-ulosonic acid (Kdo) sugars of lipid A, an amphipathic saccharolipid that anchors LPS to the outer leaflet of the outer membrane (3) . Resistance to polymyxins develops through active modifications of lipid A, which cap the glucosamine sugar phosphates and thus reduce negative membrane charge (4) . Lipid A modification is also relevant for evasion of naturally occurring cationic antimicrobial peptides by Gram-negative bacteria (5, 6) .
In Escherichia coli and Salmonella enterica, the most effective modification for reduction of negative membrane charge is the attachment of the cationic sugar 4-amino-4-deoxy-L-arabinose (L-Ara4N) to lipid A phosphate groups at the 1 and 4′ positions (7) . L-Ara4N is provided by the lipid carrier undecaprenyl phosphate (UndP). The reaction is catalyzed on the periplasmic side of the inner membrane by ArnT (PmrK), an integral membrane lipid-to-lipid glycosyltransferase and the last enzyme in the aminoarabinose biosynthetic pathway of Gram-negative bacteria (4, 7, 8) (Fig. 1A) . The lipid A 1-phosphate group is also modified by EptA (PmrC), which adds phosphoethanolamine (pEtN), competing with ArnT for the 1-phosphate site (9, 10) .
To gain insight into the structure and mechanistic basis of ArnT function, we screened 12 prokaryotic putative ArnTs from diverse species to find a candidate for crystallization (11 (Fig. 1B) . The identity of the transferred sugar was confirmed by mass spectrometry ( fig. S2A ). Unlike ArnT from Salmonella enterica serovar Typhimurium (ArnT Se ), ArnT Cm failed to rescue resistance to polymyxin in DarnT (13, 14) ( fig. S2B ) and in DarnTDeptA ( fig. S2C ) E. coli strains. Although it is known that ArnT Se adds L-Ara4N to both the 1 and 4′ phosphates of lipid A (7), ArnT Cm appears only to yield a single lipid A species modified at the 1-phosphate position ( fig. S2D ), which suggests that modification at the 1-position does not confer protection to polymyxin in E. coli. Consistent with this, removal or modification of the 4′-phosphate confers polymyxin resistance in other species (15, 16) . Therefore, functional hypotheses derived from the structures of ArnT Cm were tested on ArnT Se by using a polymyxin growth assay previously established in E. coli (13, 14) and with a direct assay on ArnT Cm for some mutants. The overall sequence identity between ArnT Se and ArnT Cm is 23%, but the degree of conservation in and around the key regions for activity is substantially higher, which suggests that their structure and function are likely conserved ( fig. S3 ).
The structure of ArnT Cm was determined to 2.8 Å resolution by the single-wavelength anomalous diffraction method using SeMet-substituted protein ( fig. S4 and Table 1 ). ArnT Cm is a monomer, consisting of a transmembrane (TM) domain and a soluble periplasmic domain (PD) positioned above it (Fig. 1C) . The TM domain, demarcated by a clear hydrophobic belt ( fig. S5A ), shows 13 TM helices, as recently predicted for ArnT from Burkholderia cenocepacia (17) , in an intricate arrangement ( Fig. 1, D and E). The structure has three juxtamembrane (JM) helices (JM1 to JM3). JM1 and JM2 are both part of the first periplasmic loop and are perpendicular to each other, creating a distinctive cross-shaped structure (Fig. 1C) . JM3 leads into a flexible periplasmic loop between TM7 and TM8 [periplasmic loop 4 (PL4), partially disordered in the structure], previously shown to be functionally important (13, 17) . TM13 leads into the PD, which has an a/b/a arrangement (Fig. 1E) .
ArnT is a member of the GT-C family of glycosyltransferases (18) , and it has a similar fold to a bacterial oligosaccharyltransferase (OST) from Campylobacter lari (PglB) and to an archaeal OST from Archaeoglobus fulgidus (AglB) ( These similarities in fold may underscore an evolutionary relationship, but the functions of the three enzymes are markedly different. Only ArnT has a lipid as glycosyl acceptor (lipid A). Because both substrates are lipidic, ArnT must bring both from the membrane to the active site for catalysis.
The structure of ArnT Cm shows three major cavities (Fig. 2, A sciencemag.org SCIENCE Table 1 . Data collection and refinement statistics for ArnT. I/s(I), the empirical signal-to-noise ratio; CC 1/2 , a correlation coefficient; N/A, not applicable; h, k, and l, indices that define the lattice planes; R meas , multiplicity-corrected R, R pim , expected precision; RMS, root mean square; clashscore is a validation tool in Phenix; TLS, translation/libration/screw, a mathematical model. Note that the apo data set was collected from crystals grown in the presence of decaprenyl phosphate. The presence of this compound in the crystallization mix does not lead to the conformational change observed in the ligand-bound form (see Materials and Methods). electrostatic nature. The largest (>3000 Å 3 within the membrane), cavity 1, is amphipathic with a lower, primarily hydrophobic portion located below the level of the membrane and an upper hydrophilic one ( fig. S5B) . We hypothesize that cavity 1 is where lipid A binds to ArnT. Note that the hydrophobic portion of cavity 1 is directly accessible from the outer leaflet of the inner membrane, and it has a volume compatible with the acyl chains and the glucosamine sugar backbone of lipid A. This suggests a simple mechanism for lipophilic substrate recruitment, although entrance to cavity 1 may be occluded by PL4 (Fig. 2, A and B) . The Kdo sugars of lipid A could bind to the hydrophilic upper portion of the cavity and possibly interact with the PD. The smaller cavity 2, connected to cavity 1 through a narrow passage, is primarily hydrophilic, despite its position, at least in part, below the boundary of the membrane (Fig. 2, A and B, and fig. S5B ). Finally, cavity 3, located close to the cytoplasmic side of the molecule is entirely hydrophobic (Fig. 2, A and B, and  fig. S5B ).
Resolution where I/s(I)
ArnT Cm binds a metal we identified as Zn between JM1 and PL4 (Fig. 2C and fig. S7 ). The Zn 2+ ion is bound with a five-point trigonal bipyramidal coordination by glutamic acid at position 84 (E84) (bidentate), histidines H265 and H267, and likely by a water molecule (Fig. 2C) , replaced in our crystals by the carboxy-terminal carbonyl from a symmetry-related molecule ( fig. S7B ). All three metal-coordinating residues appear to be important for function, as shown by the lack of polymyxin resistance in ArnT Se when mutated (Fig. 2D) (13) . However, H265 is a valine (V241) in ArnT Se (fig. S3A ), and therefore, its metal coordination must differ.
To investigate how ArnT interacts with its lipid substrates, we cocrystallized ArnT Cm with UndP by incorporating this hydrophobic compound into the LCP mixture, and we determined the structure to 3.2 Å resolution ( Table 1) . The ArnT Cm -UndP structure features three discontinuous densities compatible with a poly-prenyl ligand, which allowed us to model the entire carrier lipid (Fig. 3A and fig. S8 ). The upper density (Fig. 3A) , stemming from inside cavity 2, corresponds to the phosphate head group and five prenyl groups and defines the approximate location of the active site within the hydrophilic cavity 2 (Fig. 3B) . The lower region of density (Fig. 3A) , corresponding to the last four prenyls of UndP, extends from cavity 3, which is lined with hydrophobic residues that provide an ideal environment for accommodating the lipid tail (Fig. 3C) . Mutations within cavity 3 had only a marginal effect on ArnT Se function ( fig. S9 ). These results may indicate flexibility of the UndP binding mode away from the active site.
Notably, in the UndP-bound structure, we observed a structural rearrangement of PL4. A coilto-helix transition results in an extension of JM3 by two full turns, which leads to a repositioning of several residues around UndP and the apparent loss of metal coordination (Fig. 3, A and D) . The nature of Zn 2+ coordination is consistent with a role in fixing the loop in a conformation that allows the UndP substrate to bind. The conformation observed in the UndP-bound structure substantially reduces the volume of cavity 2, as the extension of JM3 envelopes the head of the substrate ( fig. S10 ). Furthermore, although the volume of cavity 1 is only marginally changed, the UndP-mediated structural rearrangement enables displacement of PL4 from the cavity 1 surface, which may enable access to lipid A ( fig. S10 ).
The phosphate of UndP is coordinated by lysine K85 and arginine R270, whereas the oxygen of the phosphodiester bond participates in hydrogen bonding with tyrosine Y345 (Fig. 3B) . These three residues are absolutely conserved ( fig. S11) , and their mutation in ArnT Se leads to complete loss of function (Fig. 3E) (13) . A sulfate ion identified in the structure of AglB and proposed to occupy the position of the UndP phosphate (20) , is superimposable with the phosphate of UndP in our structure ( fig. S12 ), which suggests a common modality for donor substrate orientation.
Naïve docking of L-Ara4N-tri-prenyl phosphate to the ArnT Cm structure yielded a highly populated pose with favorable energy and positions that matched the experimentally observed UndP (fig. S13 ). This pose revealed three additional conserved residues (Y59, Y82 and E506) that are likely to interact with L-Ara4N. We confirmed the importance of Y59 and Y82 in ArnT Se function (Fig. 3E) . Residues corresponding to Y59, K85, R270, and E506, have been shown to be functionally relevant in ArnT from B. cenocepacia (17) . E84, which coordinates Zn 2+ in apo ArnT Cm , appears to bind the amino group of L-Ara4N, which suggests a possible role for this residue in transitioning to the substrate-bound form. In ArnT Cm , E84A was also inactive ( fig. S14) .
Overall, the structures of ArnT Cm suggest that the binding of substrates may be sequential, with UndP-a-L-Ara4N binding stabilizing a conformation accessible to lipid A (Fig. 4A) . The active site, situated between the two substrate cavities, is completed by elements of the extended JM3 helix only with UndP bound (Fig. 4, A and B) . The structure with bound UndP and modeled L-Ara4N is consistent with a catalytic mechanism in which two conserved aspartic acid residues, D55 and D158, located at the interface between cavities 1 and 2 ( S9 ). (D) Superposition of the apo and UndP-bound structures, where PL4 is colored pink for the apo structure and red for the UndP-bound state. The rearrangement of coil (apo) to helix (bound) shown here is the only substantial change between the two structures. (E) Functional significance of residues around the head group of UndP, tested by using a polymyxin B (PMXB) growth assay (13) . Data presented are means + SD. N is shown for each data column.
with conserved positively charged residues (R58 and K203, respectively), play a critical role in orienting the lipid A phosphate for a nucleophilic attack on the L-Ara4N donor (Fig. 4C) . Indeed, mutations of D55 and D158 in ArnT Cm , and of any of the equivalent residues involved in these two ion pairs in ArnT Se , led to loss of activity ( Fig. 4D and fig. S14 ). This work provides a structural framework for understanding the function of the ArnT family of enzymes, which may inform the design of compounds targeted at reversing resistance to polymyxin-class antibiotics. gen atoms of the acceptor phosphate are coordinated by D55 and D158, which leaves the third with a net negative charge, primed for a direct nucleophilic attack on the arabinose ring. This mechanism is consistent with inversion of the glycosidic bond, as reported for L-Ara4N attachment to lipid A (23) . A precedent for a phosphate acting as a nucleophile exists (24) . R58 and K203 appear to act similarly as the catalytic Mg 2+ , in the case of PglB, that localizes the charge of an aspartate and a glutamate, which in turn coordinate the nucleophile acceptor amide (19, 25) . (D) Function of putative catalytic aspartates D32 and D136 and positively charged residues R35 and K180 in ArnT Se tested utilizing the PMXB growth assay (13) . Data presented are means + SD. N is shown for each data column.
